We developed two-dimensional numerical modeling experiments to test these hypotheses. Results of the experiments suggest that aquathermal expansion is negligible as an overpressure mechanism. Sedimentary compaction is a possible mechanism but only for locally high sedimentation rates or for unusually low permeability and/or unusually high compressibility under lower sedimentation rates.
INTRODUCTION
Most, if not all, sedimentary basins throughout the world exhibit some ''anomalous,'' or non-hydrostatic fluid pressures, particularly overpressures (Deju, 1973; Bradley, 1975; Spencer, 1987; Domenico and Schwartz, 1990; Hunt, 1990; Harrison and Summa, 1991; Fertl, Chapman, and Hotz, 1994; Neuzil, 1995; Hart, Flemings, and Deshpande, 1995; McPherson, 1996) . Overpressures typically are defined as pore fluid pressures that significantly exceed hydrostatic pressure. These high pressures occur because the pore fluid bears the weight of the overburden to a significant extent. A low permeability environment and conditions that reduce available pore space or increase fluid volume are necessary for overpressures to occur and be maintained.
We considered overpressures observed on a regional scale throughout the Sacramento Valley and the Coast Ranges of California (Fig. 1) . Overpressuring is common in basins with sedimentary sequences similar to those of this area, where marine units underlie rocks of higher permeability (Garcia, 1981) . However, the mechanisms responsible for overpressures are variable. While several processes of overpressure generation may be active in the Sacramento basin, Berry (1973) proposed a tectonic cause. We refer to his hypothesis as the ''tectonic vise hypothesis'' of overpressure generation. Other studies since 1973 refer to this as ''tectonic compaction.'' It is very simple in concept: Basin and Range expansion pushing westward and slightly convergent motion of the Pacific plate effectively squeeze the Great Valley and increases fluid pressures. Figure 2 is a schematic drawing of the Sacramento Basin with an interpretation of compressional forces (block arrows) in a transpressional tectonic setting. Areas of observed overpressures in the Great Valley Sequence are also indicated on figure 2. Berry's (1973) original interpretation extends the overpressured zone into the Franciscan basement, but the actual extent of this overpressuring is not clear. California (left) shows the elongate Great Valley of California in the center of the state and extending for much of its length; the Sacramento basin comprises the northern half of the Great Valley. The right-hand figure is a simplified geologic map of late Mesozoic arc-trench belts exposed within and juxtaposed to the basin (after Ingersoll, 1982, and Moxon, 1990) . Fig. 2 . Schematic cross section showing general structure at the regional scale. Also shown are the compressional forces (block arrows) that may occur in a transpressional tectonic regime. Observed overpressures inferred by Berry (1973) are also indicated.
High fluid pressures of tectonic origin are commonly associated with major orogenic belts, a prime example being the Andes (Deju, 1973; Villeges and others, 1994) . The Sacramento basin originally formed as an Andean type arc-trench system (Dickinson and Seely, 1979; Moxon and Graham, 1987) , suggesting significant horizontal tectonic compression. More recent tectonism in the Sacramento basin is compressional in nature, resulting in active seismicity (Wong, Ely, and Kollmann, 1988) , active shortening accommodated by thrust faults and folds, and coeval strike-slip faulting in the northern Coast Ranges (Unruh, Loewen, and Moores, 1995; Fox, 1983) . Shortening along the geomorphic boundary is driven by a component of Pacific-North American plate motion normal to the plate boundary Zoback and others, 1987; Wentworth and Zoback, 1989; Wakabayashi and Smith, 1994) . The geomorphic expression and structural relief associated with the boundary are similar along a great portion of the range front (Wakabayashi and Smith, 1994) , suggesting similar shortening or deformation rates overall. Geodetic surveys of Argus and Gordon (1991) and Gordon and Argus (1993) suggest that the maximum shortening rate normal to the Pacific-North American plate boundary in central California is approx 2 to 3 mm/yr. Given the evidence of horizontal basin shortening, tectonic stresses cannot be ignored as a potential overpressure mechanism. However, other mechanisms may cause or influence high fluid pressures, including depositional compaction and aquathermal pressuring (Bredehoeft and Norton, 1990) .
The purpose of this study is to evaluate the origin of overpressures observed in the Sacramento basin. We considered several different mechanisms, including tectonic compression, using numerical model simulations.
GEOLOGY AND HYDROLOGY
Structure, stratigraphy, and general geologic history.The Sacramento basin in northern California originated as a forearc basin, situated in the arc-trench system of the western U. S. convergent margin. The elongate, asymmetric, sediment-filled valley comprises the northernmost half of the Great Valley of California ( fig. 1 ). The basin is bounded on the east by the Sierra Nevada Mountains, on the west by the Coast Ranges and Franciscan subduction complex, on the north by the Klamath Mountains, and on the south by the Stockton Arch, which marks the northern edge of the San Joaquin basin. The area of the basis is approx 13,000 square km, and it extends 240 km in length (from northwest to southeast) and ranges from 50 to 75 km in width (Hull, 1984) . As much as 16 km of sediment, from Jurassic to the Holocene in age, record the progression from a marine to a terrestrial depositional environment in the basin fill (Page, 1986) .
The Sierra Nevada ophiolitic basement slopes gently westward beneath the basin (Harwood and Helley, 1987; Godfrey and others, 1997) . Harwood and Helley (1987, plate 1) published a structure-contour map of basement rocks in the Sacramento basin. Based on the interpretations of Cady (1975) and Harwood and Helley (1987) , we indicate the possible location of the boundary between Sierran basement rocks to the east and adjacent ophiolitic ocean crust to the west in map view on figure 1. Based on recent gravity and magnetic data, Godfrey and others (1997) provide a meaningful interpretation of the deep structure underneath and adjacent to the Great Valley of California, including the location of the contact between the Sierra Nevada Block and the oceanic, ophiolitic crust. This study focuses on Jurassic and younger sedimentary strata above the ophiolitic crust and Sierran basement rocks.
To illustrate a general interpretation of the origin and evolution of the basin, we use a series of schematic cross sections in figure 3, derived from the work of Ingersoll (1982 Ingersoll ( , 1988 . In the mid-Jurassic (top), the formation of the Coast Range ophiolite behind an east-facing intraoceanic arc began during early subduction along what is now northern California. This first major uplift of the Nevadan mountains (precursor to the current Sierra Nevada) provided the supply of Jurassic and Cretaceous sedimentary fill. It is most likely that the basin filled as subduction progressed and the volcanic arc migrated overpressure mechanisms in the Sacramento basin, Californiaeastward throughout the Jurassic and Cretaceous. The sequence of cross sections shown in figure 3 are general (Ingersoll, 1982 (Ingersoll, , 1988 and are intended to show how the sedimentary section of the Sacramento basin developed and how the tectonic setting was conducive to developing an east-west compressional stress regime across the basin. The gross details are consistent with, but not drawn from, more recent interpretations Fig. 3 . Schematic representation of the evolution of the Sacramento basin. Shown are cross sections of northern California: formation of Coast Range ophiolite behind an intraoceanic arc (top) through termination of Great Valley forearc by conversion to a transform margin (bottom). During evolution of the forearc basin, tectonic forces compress the basin from both east and west. Adapted from Ingersoll (1988) . (Dickinson and others, 1996; Godfrey and others, 1997) of regional and deep structure of the Great Valley. The interested reader is referred to several papers for discussion of the structure, stratigraphy, and geologic history, including Redwine (1972), Ingersoll, Rich, and Dickinson (1977) , Almgren (1978) , Nilsen and McKee (1979) , Haggart and Ward (1984) , Harwood and Helley (1987) , Dickinson and others (1996) , and Godfrey and others (1997) . Figure 4 depicts a more detailed cross section of profile A-AЈ, an east-west transect from the Coast Range to the Sierra Nevada. Figure 5 is a generalized stratigraphic section for Sacramento basin strata. Cretaceous and Tertiary formations consist of alternating sandstone and shale units (figs. 4 and 5). The thick upper Cretaceous sequence is marine in origin, whereas the overlying Tertiary strata originate from both marine and terrestrial depositional environments.
The generalized stratigraphic column ( fig. 5 ) also shows the distribution of individual subgroups of the Cretaceous and Tertiary units. The chronostratigraphic units are demarcated and described by Moxon (1990) and further discussed in Williams (1993) . Units labeled NG, EP, and UK play a fundamental role in our analysis of compaction processes and are discussed in more detail in a subsequent section. The stratigraphy of underlying units JK and LK play a less significant role in our hydrogeologic analyses. Unit JK ranges from Tithonian to Valanginian in age and consists of gravity-flow deposits of mudstone and siltstone with local layers of conglomerate and sandstone (Moxon, 1990; Williams, 1993) . Unit JK is interpreted as a submarine fan complex that prograded southward over basin plain mudstones. Unit LK ranges in age from Hauterivian to Albian and consists primarily of mudstone and thin-bedded sandstone with some discrete conglomerate layers (Moxon, 1990) . Unit LK is interpreted as localized distal submarine fans (Moxon, 1990) .
General hydrogeology.Two broad hydrologic generalizations can be made about the sediments in the Sacramento basin (figs. 4 and 5). First, the deeper sediments, mostly marine in origin, are of relatively low permeability whereas the shallow strata are non-marine units with comparatively higher permeability (Page, 1986; Bertoldi, Johnson, Fig. 4 . Generalized structural cross section of profile A-AЈ (see location of profile on fig. 1 ). Shaded regions indicate areas of overpressures observed along the cross section. Vertical exaggeration of cross section approx 20. Abbreviations used on figure: UDSV ϭ undifferentiated strata and volcanics, UDS ϭ undifferentiated marine and nonmarine strata, MF ϭ Markley Formation, MCF ϭ markley Canyon Fill, WI ϭ Winters Formation, SS ϭ Sacramento Shale, FO ϭ Forbes. Unit thicknesses and faults shown interpreted from well log data by California Division of Oil and Gas (1997 written communication). and Evenson, 1991) . Second, sedimentary units lap onto the west-sloping basement rock of the Sierra Nevada batholith while folds and thrusts deform the western sediments and the Northern Coast Ranges. This general structure defines two regional aquifer systems, one shallow and one deep.
Shallow aquifers in the Sacramento basin hold the primary supplies of fresh water for drinking and agricultural needs. As such, they have been extensively studied (Page, 1986; Williamson, Prudic, and Swain, 1989; Belitz and Heimes, 1990; Bertoldi, Johnson, and Evenson, 1991) . However, these shallow aquifers make up less than 10 percent of the sedimentary section throughout the region (Bertoldi, Johnson, and Evenson, 1991) . In the deepest portions of the basin, the less permeable marine facies extend to 16 km depth and are largely unstudied (Page, 1986) . While water resource studies provide most of the shallow data, most information from depth has come by way of petroleum exploration. Deep basin fluids tend to be saline and have signatures suggesting they have remained in place for a substantial period of time, possibly since deposition (Unruh, Loewen, and Moores, 1995; Davisson, Presser, and Criss, 1994) . The fresh water/saline water interface generally coincides with the boundary between marine and continental deposits (Bertoldi, Johnson, and Evenson, 1991) . Isotopic signatures of perennial springs in the southwestern part of the basin (Unruh, Loewen, and Moores, 1995) , in addition to isotopic evidence for mixing of meteoric and basinal groundwater (Davisson and Criss, 1993; Davisson, Presser, and Criss, 1994) , suggest hydrologic communication between the shallow and deep systems. Additionally, Unruh, Loewen, and Moores (1995) , Davisson, Presser, and Criss (1994) , and Melchioore, Criss, and Davisson (1999) discuss a possible origin of these perennial springs: overpressures, probably created by active tectonic compression, driving discharge. Overpressures are observed throughout the basin and the adjacent Coast Ranges (Berry, 1973) .
Observed overpressures.Local overpressures (amount of pressure above hydrostatic) in the Sacramento basin range from 0.06 to 23.8 MPa, with an average of 8.1 MPa. For reference, 10 MPa of overpressure is roughly equivalent to an increase in hydrostatic pressure produced by adding 1 km thickness of freshwater on top.
Overpressures are observed over a substantial range of depths. The shallowest overpressures are observed near the top of the marine units in the Sacramento basin (Garcia, 1981) . Additionally, inasmuch as fluids from depth are expelled from ridgetops in the Rumsey Hills suggests that overpressures locally extend to the surface (Unruh, written communication, 1999) . The shallow depth of overpressuring also is evident in our compilation of overpressure data, consisting of 171 pressure-depth values. The data, derived from oil and gas well drill stem tests from 171 different petroleum wells within the basin, were provided by John D. Bredehoeft of the United States Geological Survey (1995, written communication) . The greatest density of observed overpressures occurs between 1500 to 2800 m depth ( fig. 6 ).
The dark patches drawn on the structural-stratigraphic cross section ( fig. 4 ), represent 30 localized areas of observed overpressure for profile A-AЈ, based on data taken from 12 wells. It is not apparent from the data of figures 4 and 6 that overpressures are correlated to any specific depth or lithology. We also examined pressures in specific stratigraphic horizons (formations) and did not find any systematic correlation of overpressures.
The areal (map view) distribution of fluid pressures provide more information about the possible causes of overpressures. Berry (1973) observed that overpressures in the basin are regional in nature but concluded no obvious correlation to particular structures within the basin. Our overpressure data are perhaps more in numbers and show better some systematic correlations with geographic features. In map view ( fig. 7) , our data illustrated that overpressures are widespread through much of the basin but are not overpressure mechanisms in the Sacramento basin, Californiaubiquitously or uniformly distributed. Drilling activity is minimal along the perimeter of the basin, and thus basin margin fluid pressure information is scarce. Otherwise, for depths less than 5 km, our pressure data suggest that overpressures are regional in nature, and some correlation with geographical area may be inferred-we discuss these correlations below.
Given the regional nature of the observed overpressures, basin-wide processes seem to be the most relevant mechanisms to explore.
OVERPRESSURE MECHANISMS IN THE SACRAMENTO BASIN
Casting the tectonic history in the context of overpressures.Understanding the tectonic history of the basin is critical to determining the role of compressional tectonic forces in the hydrodynamic regime. The objectives of this study include the answers to several questions: Does a tectonic ''vise'' act on the basin as Berry (1973) hypothesized? Are compressional tectonic forces the sole cause of overpressures, do they play a secondary role to other overpressure mechanisms, or do they influence the hydrodynamic regime at all? We now cast the tectonic history of the basin in the context of overpressures to develop the premise of the numerical model simulations.
Evidence of tectonic deformation trends.The Sacramento basin sedimentary fill appears to be an independent block that has accommodated relatively small scale contractional strain in response to both large scale right lateral transform tectonism in the San Andreas Fault zone to the west and major east-west crustal extension in the Basin and Range to the east (Harwood and Helley, 1987; Wong, Ely, and Kollmann, 1988) . Harwood and Helley (1987) evaluated patterns of late Cenozoic deformation throughout large areas of the basin. They identified deformation structures (folds and faults) and interpreted the most likely stress regime that formed them. Harwood and Helley (1987) and workers they cited also estimated the time of deformation, using dated volcanic units to constrain absolute ages of deposition and tectonic events. Historic low-magnitude earthquakes were associated with specific structures and interpreted as evidence that strain currently is being accommodated by those structures (Marks and Lindh, 1978; Bolt, 1979; Harwood and Helley, 1987) . Harwood and Helley (1987) inferred that patterns of deformation were time transgressive, and grouped structures with similar kinematic patterns into 6 structural domains ( fig. 8 ). Most late Tertiary and Quaternary faults and folds appear to have formed in an east-west or northeast-southwest compressive stress regime. Additionally, Fig. 7 . Contour map of observed overpressures (pressure above hydrostatic in MPa) within the Sacramento basin. Contour levels include 0 to 25 MPa, with an interval of 5 MPa. Symbols indicate location of wells from which pressure data were taken. Inset map of California indicates the coverage of the contour map within the basin. Background base map adapted from Harwood and Helley (1987) . Harwood and Helley's (1987) structural domains are progressively younger northward in the basin, with the exception of the Dunnigan Hills domain, showing that the deformation was time transgressive. As Harwood and Helley (1987) concluded, northward progression of deformation indicates a northward-migrating compressive stress regime associated with the northward migration of the Mendocino triple junction (Silver, 1971; Atwater and Molnar, 1973; Dickinson and Snyder, 1979; Harwood and Helley, 1987) .
Horizontal crustal shortening indicates a compressive stress regime. Active crustal shortening in this region is inferred by patterns of seismicity (Wong, Ely, and Kollmann, 1988) , tectonic-geomorphic development, and high fluid pressures at shallow depths, attributed to tectonic compression (Unruh and others, 1992; Unruh, Loewen, and Moores, 1995; Davisson, Presser, and Criss, 1994) .
Uplift, folding, and faulting of the Pliocene Tehama Formation in the Dunnigan Hills region ( fig. 8 ) represents propagation of uplift and crustal shortening eastward into the southwestern Sacramento basin in middle to late Pleistocene time (Unruh, Loewen, and Moores, 1995) . Unruh, Loewen, and Moores (1995) interpret modern topographic and structural relief in the Dunnigan Hills domain as the result of renewed movement on the Rumsey Hills thrust fault and growth of an overlying fault-propagation fold. Structural relief on the base of the Pliocene Tehama Formation may be used to estimate the total Quaternary slip on the Rumsey Hills thrust and a range of average quaternary slip rates. Assuming the Unruh, Loewen, and Moores (1995) structural model ( fig. 2 of Unruh, Loewen, and Moores, 1995) , approx 1.6 km of slip is necessary to produce 800 m of relief on the base of the Tehama Formation. The east-west width of the east-dipping panel also gives a minimum estimate of total post-Tehama slip. Unruh, Loewen, and Moores, 1995 determined that post-Tehama slip ranges between 1 and 1.6 km, and thus the average Quaternary slip rate on the Rumsey Hills thrust ranges between 1 and 3.5 mm/yr. This corresponds to a horizontal shortening rate of about 0.9 to 2.6 mm/yr (Unruh, Loewen, and Moores, 1995) .
Other estimates of slip rates and shortening have been published for the basin (table 1). The Harwood and Helley (1987) data tabulated are near-vertical to vertical movement on thrust faults. They indicate a compressional stress regime but do not constrain rates of horizontal shortening. The corresponding rates (mm/yr) we calculated for the Harwood and Helley (1987) faults are the minimum values, calculated by assuming the deformation developed uniformly over the longest possible duration of time. The actual slip/shortening rates in most instances may be higher than our calculated minima, inasmuch as we probably overestimated the maximum duration of deformation. Harwood and Helley (1987) publish slip and slip rates for several other faults in the basin (not listed in table 1). The last three horizontal shortening rates listed in table 1 correspond to integrated motion across larger areas than the Harwood and Helley (1987) data. The Argus and Gordon (1991) and Gordon and Argus (1993) rates are based on current geodetic observations, constraining the direct convergence rate between the Pacific Plate and the North American Plate (or Sierra Nevada-Great Valley microplate). Similarly, the Wakabayashi and Smith (1994) data pertain to the larger-scale plate boundary convergence rate. The Unruh, Loewen, and Moores (1995) data correspond to several faults in the southern half of the Sacramento basin. All these data indicate that a compressive stress regime has acted on the basin during different periods of its geologic history. All references listed in table 1, in addition to other work (Wong, Ely, and Kollmann, 1988; Davisson, Presser, and Criss, 1994; Unruh, Loewen, and Moores, 1995) suggest that parts of the basin are under tectonic compression today.
Correlating overpressures with structures and geographic areas.The contour map of overpressures in the Sacramento basin ( fig. 7 ) is superimposed on an index map of local structures, towns and surface water features (redrawn from fig. 1 of Harwood and Helley, 1987) . In general, high pressures are observed in the very northwestern portion of the basin (approx 40°latitude), in the central part of the basin just northwest of Sutter Buttes (approx 39.2°latitude), and in the south-southwestern end of the basin (approx 38°l atitude).
The high pressures observed in the northwestern and south-southwestern portions of the basin may correlate to the recent tectonic deformation described by Harwood and Helley's (1987) . As discussed previously, structural deformation patterns are interpreted to young northward in the basin. The exception to this sequential pattern is the Dunnigan Hills domain (south-southwestern; fig. 8 ), where deformation is dated between 0 and 1 Ma. This deformation and the Battle Creek domain deformation (northwestern; fig. 8 ), dated between 0 and 0.5 Ma, are the only domains where deformation is clearly recent in age, and recent earthquake activity has occurred in the Chico and Sacramento domains (Unruh, written communication, 1999) . Thus, the high pressures observed in these areas may be associated with active tectonic compression.
One can also correlate local high pressures to specific structures. For example, the high pressures observed at approx 40°latitude are proximal to the Orland Buttes (southern boundary of Battle Creek domain, fig. 8 ). Additionally, high pressures are observed between the Sutter Buttes and the adjacent dome near Colusa to the west (figs. 1 and 7). Although the Sutter Buttes area is somewhat close to the Dunnigan Hills deformation domain, active deformation of the Buttes ceased about 1.4 Ma (Harwood and Helley, 1987) . Thus, this is an area where other mechanisms, such as aquathermal expansion and depositional compaction, may play an important role in the development of high fluid pressures. While high temperature gradients are not observed in the Sutter Buttes area today (Sass and others, 1981) , it is possible that higher heat flow in the recent past may have influenced fluid pressures by fluid density decreases and buoyancy-driven flow.
In the southern portion of the basin, overpressures are observed in the Dunnigan, Rumsey, and Montezuma Hills. These features lie in the Harwood and Helley's (1987) Dunnigan Hills deformation domain ( fig. 8 ). This area in particular is underlain by active thrust faults (Unruh, Loewen, and Moores, 1995) , similar to much of the San Joaquin valley to the south. Many workers (Bloch and others, 1993; Unruh, Loewen, and Moores, 1995; Wong, Ely, and Kollmann, 1988 ) discuss blind fold and thrust systems related to transpressional plate boundary kinematics. Active horizontal shortening (table 1) and observed seismicity in this area clearly indicate a horizontal compressive stress regime, possibly prone to overpressures.
In summary, deformation patterns in the Sacramento basin indicate compressive tectonism. Such a stress regime may contribute to the cause and maintenance of high fluid pressures observed in the region.
THEORY OF GROUNDWATER OVERPRESSURES
The forces driving subsurface fluid migration in sedimentary basins are attributable to gradients in topographic elevation, gradients in temperature and chemical potential, changes in porosity associated with deformation, and the generation of pore fluids by chemical reactions and phase transformations. Garven (1995) reviews the physiochemical coupling between these forces, many of which can at best be only approximated by mathematical models based on simplified hydrogeologic theory and estimated material parameters for sedimentary formations. Bredehoeft and Norton (1990) enumerate the mechanisms affecting pore pressures in hydrothermal systems, and Neuzil (1995) provides a detailed review of the history of research related to overpressures and describes how they are best characterized in a hydrodynamic framework.
Departure from hydrostatic conditions is common in all subsurface environments, and so-called ''abnormal pressures'' are actually quite normal. Overpressures and underpressures occur naturally as equilibrium phenomena for topographically-driven groundwater flow, osmotic flow, and density-driven flow systems, because they adjust over time to their geologic and hydrologic framework. On the other hand, disequilibriumtype overpressures are caused by ongoing geologic processes, not adjusted to their framework. These include processes such as the compaction and diagenesis taking place during sediment burial, hydrocarbon generation during thermal maturation, fluid production associated with the transformation of clay and metamorphic mineral phases, thermal expansion and fluid degassing with intrusion of magma, and changes in pore volume caused by crustal deformation. All of these processes have the effect of creating distributed fluid sources or sinks, the magnitude of which can be quantified as ''geologic forcings'' that can be incorporated into the partial differential equations for fluid flow and deformation in porous media.
In the context of the governing equation for groundwater flow in a porous medium, the geologic forcing appears as a combined source/sink term ⌫ (after Neuzil, 1993) :
where is fluid density, q the Darcy velocity vector, h ϭ p/g ϩ z, the hydraulic head, p pore pressure, g the gravity constant, S s specific storage, and ⌫ the geologic forcing that includes the effects of stress changes and diagenesis/metamorphism on porosity, the effects of thermal transients on pore and fluid volumes, and actual fluid volume sources or sinks related to chemical reactions. The specific storage is represented by compressibilities of the fluid and pore skeleton. It can be defined rigorously using bulk modulii as introduced in Biot's Theory for linearly elastic porous media (Bear, 1972) . Eq (1) can be solved analytically for many applications in geotechnical engineering, but numerical solutions are increasingly used in geologic applications because of the long time scales, permeability heterogeneity, inelastic rheology of sediments and rocks, and nonlinear dependency of porosity, specific storage, and hydraulic conductivity (or permeability) on effective stress (Person and others, 1996) . Additional partial differential equations can be written to define the force balance and stress equilibrium within the deforming porous media, from which stress and strain rates can be predicted for elastic or plastic rheology. For example, the force balance equation takes the form:
where is the internal stress tensor for the poroelastic medium, and F is the force vector which can include the body force of gravity and the external loads imposed by tectonics and loading by sedimentation. Constitutive rheological equations are also needed to relate the stress tensor to strain rate that includes the effects of pore pressure, such as those formulated in Biot-type proelasticity or Mohr-Coulomb behavior with plasticity (Ord and Oliver, 1997) . The interested reader is referred to the works of Lee (1968) , Rice and Cleary (1976) , van der Kamp and Gale (1983), Green and Wang (1990) , or Ge and Garven (1992) for additional discussion of these equations. In many studies of sedimentary basins, a rigorous representation of multidimensional deformation is bypassed by assuming the strain history is known a priori and unidirectionally (Bethke, 1985) or defined in a kinematic fashion (Screaton, Wuthrich, and Dreiss, 1990; Waltham and Hardy, 1995; Wieck, Person, and Strayer, 1995) . The full derivation of eq (1) is provided by Neuzil (1993) . Comparable derivations can be found in many papers, including those by Domenico and Palciauskas (1979) , Walder and Nur (1984) , Shi and Wang (1986) , and Bethke and Corbet (1988) for compacting sedimentary basins in both Eulerian and Lagrangian coordinate systems. Neuzil (1995) conducted a nondimensional analysis of (1) to show that overpressures are controlled by the strength of the forcing ⌫ (magnitude of the source/sink terms), the size of the flow domain L, and the effective hydraulic conductivity of the regime K. Defining the dimensionless geologic forcing as
Neuzil's analysis confirmed the long recognized observation that overpressures are favored in low-permeability environments, yet the domain size and strength of geologic forcing are equally important controls.
It is important also to recognize that eq (2) is fundamentally based on poroelasticity theory, and therefore limited in theory to linearly elastic, fully saturated media experiencing small strains. Processes in sedimentary basins, involving burial compaction, lateral contraction, and diagenesis, clearly involve large three-dimensional strains and nonlinear elastic-plastic deformation over long geologic time scales (Luo and Vasseur, 1995) . Nevertheless the adoption of linear poroelasticity theory as a first approximation does not greatly impair our analysis of overpressuring in sedimentary basins or significantly affect the hydrogeologic results, and simplifications can be relaxed when necessary. For example, Ge and Garven (1994) allowed for plastic deformation along thrust faults within a 2-D poroelastic basin to quantify overpressures and fluid expulsion in the Rocky Mountains thrust belt, while Gordon and Flemings (1998) allowed for thermal expansion and clay dehydration effects within a 1-D poroelastic basin to simulate compaction in the U. S. Gulf Coast basin. In fact, almost all hydrogeologic models constructed to-date for modeling processes such as compaction are based on porosity-depth relations that integrate the long-term history of deformation. These relations therefore avoid the need for more explicit equations (usually unknown) relating deformation, effective stress, and time with coupled geochemical and thermal processes. Empirical porosity-depth relations appear to have worked successfully in hydrogeologic research, and ''effective'' compressibility parameters can be used to include complex rheology and diagenetic effects by allowing the parameters to vary through space and time (Neuzil, 1993) . Furthermore, numerical models minimize the problem of large strain by adopting small time steps. Strain during a single time step will generally be small, and therefore deformation can be reasonably approximated by infinitesimal-strain poroelastic theory. We adopted this approach in our analysis of overpressures for the Sacramento basin.
HYDROGEOLOGIC MODELING OF THE SACRAMENTO BASIN
Overpressures in the Sacramento basin occur on a regional scale, suggesting a large scale process is needed to explain the magnitude and distribution of pore pressures. Equilibrium phenomenon such as topography-driven flow are unfavorable, because the elevation heads associated with the Coast Ranges and Sierra Nevada are too small and hydraulically isolated (Berry, 1973) . Given the geologic history of the basin, active processes such as sedimentary compaction and geologic forcing by lateral crustal deformation are probably most important with respect to overpressure development. Our objective is to test the relative roles of these two overpressuring mechanisms in the Sacramento basin. Our approach is based on developing and comparing hydrodynamic models with numerical solutions of eq (1) subject to approximate boundary conditions, effective compressibility and permeability parameters, and estimated rates of sedimentation and lateral crustal shortening. The hydrodynamic models are heuristic and only semi-quantitative in that they are restricted to two-dimensional flow and strain rate fields.
Instead of trying to reproduce the exact hydrogeology of the basin, we use simplified boundary conditions to help isolate and understand different processes. Many of the physical parameters are not regionally constrained, but we feel they provide an important first step in understanding a complex hydrogeologic problem. Diagenetic processes such as clay dehydration, sandstone cementation, pressure solution, and petroleum generation may contribute to the overpressure history in the basin, although our sense is that they are of secondary importance. For example, Wilson, Garven, and Boles (1999) studied the San Joaquin Basin, just south of our study area, and found that clay dehydration had a major effect on pore-fluid salinity, but only a minor effect, in comparison to sediment loading, on the basin's overpressure history. Overpressure mechanisms such as aquathermal pressuring are thought to be less important, based on observations from other sedimentary basins (Domenico and Palciauskas, 1979; Shi and Wang, 1986; Luo and Vasseur, 1992; Gordon and Flemings, 1998) . Thermal effects, however, may have been important locally near magmatic intrusions such as near Sutter Buttes, and we address this aspect later in the paper.
Of all the diagenetic processes that could have operated in the basin, petroleum generation and accumulation may have had the greatest effect on overpressuring. For example, in the Uinta Basin of Utah, McPherson (1996) determined that oil generation is the primary source of observed overpressures. If one superimposes maps of observed overpressures and oil production in the Uinta Basin, a clear correlation between oil source beds and high fluid pressures is evident (McPherson, 1996) . Our Sacramento basin overpressure data reflect some coincidence of overpressures with gas production in several places. Oil generation has a more profound effect on fluid pressures than does gas generation, but the coincidence of gas and high pressures is still interesting. Unfortunately, quantitative analysis of these geochemical processes for the Sacramento basin is beyond the scope of our hydromechanical study, and we must defer definitive judgment on their role for a later communication.
Numerical formulation of the hydrodynamics.The hydrodynamics of sedimentation compaction during burial and lateral crustal compression are analyzed with two existing and published numerical codes. The former is based on an integrated finite difference code while the latter is based on a finite element code. Both models solve the fluid flow eq (1) in two-dimensional profiles to predict the temporal evolution of pore pressures. These numerical models are used to estimate the generation and longevity of overpressures generated by vertical compaction during sedimentation and by subsequent horizontal loading of the basin by the external transpressional plate boundary and Basin and Range extension.
Basin subsidence.Sediment compaction is mostly a mechanical process resulting in the reduction of porosity by increases in vertical stress due to loading on the sedimentary pile. Lateral deformation is commonly ignored, and many workers have followed the numerical approach of Bethke (1985) and Shi and Wang (1986) , where the fluid flow and heat flow domains are restricted to a vertical cross section which grows with sedimentation. We followed a similar approach using the numerical algorithm of McPherson (1996) , a model of basin evolution utilizing the TOUGH2 code developed by Pruess (1991) . TOUGH2 solves the coupled equations of multiphase fluid flow and heat transport with thermoelastic deformation in porous and fractured media. McPherson (1996) developed a separate package of routines that construct a dynamic and growing integrated finite difference mesh subject to transient material parameters and boundary conditions associated with the geologic history of a basin. Finite difference cells are gradually added or removed from the numerical mesh, moved, and deformed vertically with respect to each other to simulate differential uplift and subsidence. Although the McPherson (1996) algorithm is based on poroelasticity theory, empirical porosity-depth relations are used in our study to characterize the compaction history of the basin and represent the dependency of porosity and permeability on effective stress, and so inelastic and nonlinear processes are incorporated in the numerical formulation. Likewise, bulk compressibilities of the basin formations are scaled up in the fashion observed by Neuzil (1986) to account for the long-term behavior of deformation and pressure diffusion. Our numerical simulations of the Sacramento basin solve (1) with geologic forcing terms representing sediment loading and aquathermal pressuring only. The magnitude of separate forcing terms explicitly accounting for diagenetic processes such as clay dehydration, petroleum maturation, cementation, and pressure solution are unknown here, and therefore we have excluded them for the present time to focus on hydromechanical issues first.
Tectonic compression.Modeling the deformation and overpressure fields associated with horizontal shortening of the Sacramento basin required application of the numerical code THRUST2D, the mathematical details of which are given by Garven (1992, 1994) . This finite element code assumes plane-strain in x-z space, and the poroelasticity problem is formulated with an integral form of the stress equilibrium eq. (2) coupled with the fluid flow equations (eq 1). Both sets of equations are solved in an interactive fashion. Small time steps are used to ensure stability and adherence to small strains within the poroelastic formulation. When large displacements occur, such as along faults, special slip-type finite elements are used along with Mohr-Coulomb theory to simulate elastic-plastic deformation coupled to pore pressure effects (Garven and others, 1993) . In this study, however, tectonic loads are gradually imposed on the lateral edges of the Sacramento basin mesh as specified stresses to understand the poroelastic effects of crustal shortening on overpressuring at the crustal scale. The basin contains numerous faults that accommodate local strain, but we made no attempt to represent these fault zones individually within the mesh as slip elements, as this would be impractical. As in sediment compaction experiments, the effective compressibility parameters are scaled up from laboratory-based measurements by one or two-orders of magnitude to account for the effects of inelastic deformation over geologic time. Heterogeneity and/or anisotropy in permeability, porosity, and effective compressibility are allowed in order to make the model geologically interesting and account for the effects of spatial variability on overpressuring. THRUST2D only considers the hydromechanical aspects of deformation-induced fluid flow and does not incorporate thermalelastic or advective-conductive heat transport effects into the numerical scheme for the hydrodynamics.
NUMERICAL EXPERIMENTS AND RESULTS
Depositional compaction: model domain, boundary conditions, and parameterization.The subsidence and depositional histories are critical for evaluating sedimentary compaction as a mechanism of overpressures. We considered ind etail two aspects of the basin's structural evolution: the tectonic evolution and the resulting depositional history. According to Moxon and Graham (1987) , the western and eastern sides of the basin reflect different tectonic histories. The western side of the basin records subsidence, then uplift, in apparent response to the angle and rate of descent of the subducting Pacific plate (Moxon and Graham, 1987) . In contrast, the eastern parts of the basin reflect subsidence histories that suggest thermal contraction compatible with continentward migration of Sierran arc magmatism in the Late Cretaceous.
For the purposes of this study, we are interested mostly in the qualitative aspects of the basin's depositional history, not necessarily what caused subsidence. Specifically, critical to this study are the timing, spatial variability, and, most importantly, the magnitude of sedimentary depositional rates. Sedimentation rate magnitude is most important because compaction rate, and therefore associated overpressuring, is greater during high depositional rates (Schneider, Burrus, and Wolf, 1993) . The timing (in other words, time of onset and duration) of sedimentation is critical also because overpressures caused by compaction dissipate almost immediately (in a geologic time frame) except in extremely low-permeability strata. Therefore, active or very recent deposition is required for compaction to account for observed (present-day) overpressures.
A first order test of whether compaction is a significant cause of high fluid pressures would be to superimpose the overpressure distribution ( fig. 7 ) on a map of active or geologically recent sedimentary deposition. We did not attempt this comparison. Unruh (written communication, 1999) pointed out that areas of highest pressures, such as the Montezuma Hills and Dunnigan Hills, are associated with youthful, elevated topography. These areas are high overpressures are more likely areas of erosion, not high rates of deposition (Unruh, written communication, 1999) . In the absence of detailed study of geomorphic surfaces and associated depositional patterns throughout the basin, we performed a simple backstripping analysis to estimate sedimentation rates. This analysis, discussed below, did not reveal the high rates of sedimentation necessary for overpressure development.
The spatial distribution of depositional rates is important too, inasmuch as if we know where the most rapid deposition occurred, then we can predict the region most susceptible to compaction-induced overpressures. The processes that cause spatial variability of depositional rates are ancillary to understanding induced overpressures. Thus, instead of taking the approach of Moxon and Graham (1987) , who examined isolated 1-D sections to evaluate the history and controls of subsidence (as they vary in space), we elected to backstrip (Miall, 1990) an entire cross section for the sedimentation rate history across the basin.
Model domain.For this model and subsequent modeling efforts, we sought a much simpler cross section. A simple structural section makes it easier to isolate individual processes affecting the hydrodynamics. The cross section we selected is associated with profile B-BЈ, farther north than profile A-AЈ and close to the center of the basin with respect to north-south (see location on fig. 1 ). It is based on well-log data (Moxon, 1990) . The numerical mesh associated with cross section B-BЈ is shown in figure 9 . Also shown are the chronostratigraphic units, demarcated by shading.
Backstripping, porosity, and permeability.Backstripping is a process for determining sedimentation rates using measured stratigraphy, including thicknesses and ages of each sedimentary unit, and the present-day porosity distribution. Miall (1990) discusses the general method, and McPherson (ms) discusses the details of our specific approach. The porosity distribution used for all strata is shown in figure 10A and was used for both backstripping the sedimentary section (by depth) and for forward evolution of porosity (by effective stress). The solid curve on figure 10A is termed the ''inelastic'' loading curve and represents non-elastic or permanent changes in porosity. The dashed lines are ''unloading/elastic'' curves, and they represent elastic changes in porosity (Domenico and Mifflin, 1965) .
Additionally, permeability was assumed to vary as a function of porosity: the relationship used and the data used to calibrate it are shown in figure 10B . We acquired a small set of porosity and permeability data, but of questionable quality, for selected oil Fig. 10 . Porosity-permeability data. (A) porosity versus effective stress (right axis) and versus depth (left axis); Uinta basin porosity data plotted against depth and effective stress. Solid line represents compaction trend used to backstrip sedimentary section as well as the functional relationship used to govern forward porosity development in the basin evolution model. Open squares represent porosity data from Pitman and others (1982) . The remaining solid circles represent porosity-depth data for unfractured samples from the Uinta basin, Utah. wells in the basin (California Oil and Gas Commission, 1997 written communication). In the absence of a substantial and reliable porosity-permeability database for the Sacramento basin, we elected to use comparable data from the Uinta Basin ( fig. 10 ) rather than assign homogeneous values or use generic relationships (for example, the KozenyCarman relationship for shale porosity-permeability).
We backstripped and modeled compaction processes for Cretaceous and younger strata only. The Jurassic strata of the section are assumed to exist at the beginning of each model simulation. Table 2 summarizes the average and maximum sedimentation rate, among all columns, determined for each layer ( fig. 9 ) of the model. The average rate for each chronostratigraphic unit varies by layer in that unit because of variable thickness. Because of the coarse scale of the chronostratigraphic layers, estimated depositional rates are broad averages. While this model is intentionally simple, the approach is justified, if one considers the uncertainty associated with subsurface structure, stratigraphic architecture, and rock physical properties. Compressibility.Compressibility in the forward depositional model is assumed to depend on effective stress, as illustrated in figure 11 . We used curve A on figure 11 for our ''base case'' parameterization and used the other curves in a sensitivity analysis to evaluate the effects on fluid pressures of higher or lower compressibility at depth. Using ''inelastic'' and ''reloading/elastic'' porosity curves ( fig. 10A ) necessarily imply different values of compressibility. In all simulations conducted in this study, we use the compressibility distributions shown on figure 11 as ''inelastic'' compressibilities. However, if effective stress decreased during a simulation, we used an ''unloading'' compressibility 2 orders of magnitude lower than the current ''inelastic'' compressibility. This semi-elastic behavior is routinely observed for soils and low permeability sediments (Domenico and Mifflin, 1965) . During the course of this study we adopted this approach in our simulations to account for semi-elastic behavior suggested by other studies (for example, Shi and Wang, 1988) .
Forward model of basin deposition.Our approach was to simulate the depositional history of the cross section, building it layer-by-layer through the depositional history and evaluating the overpressures induced by compaction. We did not attempt to simulate evolution of the basin's structure from an initial horizontal state, with portions of the basin subsequently subsided to form the ''bowl'' shape (as was done in McPherson, ms). Rather, the initial condition included the basin cross section in its ''bowl'' structure. This artificially increases the overpressure potential of the basin inasmuch as flat-lying layers will permit more rapid dissipation of fluid pressures. The structural geometry of a ''bowl'' shape in cross section will serve to increase fluid pressures at depth because dissipation paths are updip. Our intention is to test compaction as an overpressure mechanism under maximizing conditions. We ran dozens of simulations, using the model parameterization, boundary, and initial conditions summarized in table 3 (applied to the cross section model) as a ''base'' case. Two important properties not listed in table 3 are the bulk density of the sediments, bulk , and the hydrologist's specific storage, S s . For all simulations, including compaction simulations and tectonic compression model simulations, the grain density of all sediments was assigned a value of 2650 kg m Ϫ3 . Heterogeneity in bulk density is determined by a weighted arithmetic mean: bulk ϭ ( water ) ϩ (1 Ϫ )( grain ), where is porosity, and water is water density. Also for all simulations, specific storage is a function of elastic modulii and porosity, which varies with effective stress or depth ( fig. 10) : S s ϭ water g(␣ ϩ ␤), where g is gravitational acceleration, ␣ is rock compressibility ( fig. 11 ) and ␤ is water compressibility, assumed constant at 4.4 ϫ 10 Ϫ10 Pa Ϫ1 . Depositional compaction: analysis and results.The base compaction model simulation produced no overpressures anywhere in the cross section. All parameters assigned in the base model are reasonable in a geologic context. For overpressures to develop by compaction, extreme values of parameters and boundary conditions were necessary, as determined by a sensitivity analysis.
Our sensitivity analysis consisted of many more simulations, in each case leaving all parameterization the same as the base case except one variable, such as permeability, compressibility, or sedimentation rate. For example, in one simulation we increased the permeability distribution an order of magnitude relative to the base distribution by using the dashed line on figure 10B rather than the base case (solid line, fig. 10B ). After all sensitivity analysis simulations, we concluded that fluid pressures (specifically, generation of overpressures) are most sensitive to permeability, depositional rate, and compressibility. The permeability controls the rate of fluid escape during compaction, whereas the latter two variables control the amount of compaction and thus the fluid expelled by compaction. In the context of the mathematical model, sedimentation rate and compressibility determine the magnitude of the fluid source term in eq (1). The interested reader is referred to McPherson (ms) for mathematical details of this source term.
It is not surprising that overpressure occurrence is dictated by individual thresholds of these parameters. To induce significant overpressures similar to the observed overpres- Fig. 11 . Experimental and in situ compressibility data as a function of effective stress or depth. Adapted from Neuzil (1986) and Ge and Garven (1992) sures of 20 to 30 MPa greater than hydrostatic (figs. 6 and 7), values of local compressibility at depth must be greater than 10 Ϫ8 Pa Ϫ1 , or local confining permeability must be much lower than 10 Ϫ18 m 2 , or the local sedimentation rate must be 800 m my Ϫ1 or greater. This sedimentation rate is over an order of magnitude greater than estimated actual rates. Whereas the permeability range is reasonable, the necessary compressibility (10 Ϫ8 Pa Ϫ1 ) is unreasonable for any depth except the upper 1 to 2 km ( fig. 11) . However, if the permeability is reduced, the compressibility can be correspondingly reduced with similar results. We attempted to relate the ratio of permeability change (increase/ decrease in permeability values) to compressibility change that would provide similar overpressure regimes, but this was impossible because permeability is indirectly a nonlinear function of compressibility: if the compressibility is changed, this changes the rate of compaction and therefore the rate of permeability evolution (permeability tracks porosity). Figure 12 shows the time-evolution of a model simulation using conditions favorable to sedimentary compaction overpressures: we assigned a single compressibilitydepth distribution depending on effective stress, with the restriction that the minimum compressibility ␣ ϭ 10 Ϫ8 Pa Ϫ1 (curve labeled D on fig. 11 ). This compressibility distribution is much greater than known experimental or in situ values (compare to curves A, B, C on fig. 11 ). The permeability distribution assigned to all strata is an order of magnitude lower than the base-case distribution (indicated by the dashed curve on fig.  10B ). The panel of images illustrates the temporal evolution of the cross section, structurally and hydrodynamically.
Between 90 and 72 Ma, overpressures begin to develop in the center of the basin. This corresponds to both a high sedimentation rate at the surface and permeability in that area of the model domain (value) being low enough to significantly restrict flow during compaction. The results shown in the 30 Ma time-frame show largely hydrostatic conditions. This results because the periods between 67 to 64 and 40 to 20 Ma correspond to hiatuses in deposition. Figure 13 charts the depth history for each layer in a column within the high pressure zone and shows the periods of relatively high Figure 10A : backstripping by depth; forward evolution by effective stress Figure 10B ; solid line. 0.25 1.5 ϫ 10 8 Figure 11 . that depart from the base simulation: compressibility versus effective stress parameterized for all strata using curve 'D' on figure 11, permeability distribution assigned to all strata is an order of magnitude lower than the base-case distribution (indicated by the dashed curve on figure 10B ). The shading intensity shows contours of overpressures, or excess pressures above hydrostatic.
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sedimentation rate (high slope of depth curve) and how they correlate to the time-frames that show higher overpressuring (for example, the 67 Ma time-frame in top panel of fig.  12 ). Unless permeability is orders of magnitude lower or fluid viscosity is very high, such as that associated with petroleum fluids (McPherson, 1996) , overpressures dissipate rapidly with respect to geologic time (less than 100,000 yr) during these periods of depositional hiatus. Thus, the model results suggest that present-day overpressure conditions really depend on what is the current, ongoing depositional state. If sedimentation ceased much longer than 10 5 yr ago, it is unlikely that compaction is responsible for overpressures. This result implies that modern overpressures must be associated with areas of active late Quaternary sedimentation, if they are to be attributed to sedimentary compaction. However, our observed overpressure data correlate more to areas of active uplift and erosion, not deposition (Unruh, written communication, 1999) .
Overpressures and sedimentation rate.Although we dispel sedimentary compaction as a significant overpressure mechanism, the model results are interesting and warrant some further discussion of associated effects. The primary locus of high overpressuring ( fig. 12 ) lies in the center of the basin, about 20 km wide by 4 km thick. This result was initially surprising inasmuch as we expected the highest overpressures to occur in the deepest part of the basin where permeability is lowest. This focusing of overpressures is attributed to sedimentation rate variation. It is also possible that the locus is artificially affected by our initial condition of non-horizontal layers, or the ''initial bowl geometry,'' but the main influence is sedimentation rate. This conclusion is inferred from figure 14, a plot of average sedimentation rate of the uppermost Neogene layer (the layer deposited last) for each column. The highest sedimentation rate occurs over the center of the basin, coincident with the highest overpressures at depth. Throughout the basin's history, the highest sedimentation rates happen to occur close to the center of the basin. This is largely consistent in a geologic context, except it is believed that the locus of greatest overpressure mechanisms in the Sacramento basin, Californiasedimentation rate may have migrated eastward with time (Unruh, written communication, 1998) .
Despite these results and the fact that most of our observed overpressure data lie close to the center of the basin, we would still be reluctant to attribute more than only a portion of observed overpressures to compaction; the high in situ compressibility required for overpressuring is unrealistic. Our observed data lie close to the center of the basin because that is where most oil/gas wells (from which our data are derived) were drilled. We do not have pressure data from the periphery of the basin. Additionally, Berry (1973) documents the occurrence of high overpressures in the Franciscan rocks of the Coast Ranges, illustrating that observed overpressures are not limited to the center of the basin. This observation alone suggests that sedimentary compaction is not a strong candidate for explaining the dominant overpressure mechanism in the basin.
All compaction analyses described above were isothermal simulations. In the following section, we describe non-isothermal compaction history experiments designed to evaluate how heat flow may influence hydrodynamics through ''aquathermal expansion.'' Thermal aspects of overpressuring.Elevated temperatures reduce water density. Pore fluid pressure will increase if permeability is low enough to preclude efficient expulsion. First termed ''aquathermal pressuring'' by Barker (1972) , many studies since have examined aquathermal pressuring as a possible overpressure mechanism, including Bradley (1975) , Magara (1975) , Chapman (1980 Chapman ( , 1982 , Barker and Horsfield (1982) , Daines (1982) , Shi and Wang (1986) , and Gordon and Flemings (1998) . Using a 1-D numerical model of compaction and aquathermal processes, Luo and Vasseur (1992) performed a general sensitivity analysis of a aquathermal pressuring and its competing role with mechanical compaction as an overpressure mechanism. Luo and Vasseur (1992) concluded that, except in conditions of extremely low permeability, aquathermal pressuring is a negligible source of overpressures. However, we tested this mechanism for the sake of completeness and because of the coincidence of observed overpressures with Sutter Buttes, an area of relic high heat flow. Sass and others (1981) and Sass and others (1971) report heat flow for the western United States, including the Great Valley and the adjacent Coast Ranges. Only two values are reported for the Sacramento basin proper, both approximately the same latitude as Sutter Buttes. No known high heat flow anomaly is associated with Sutter Buttes today. The value of surface heat flow directly adjacent to Sutter Buttes is Ͻ35 mW m Ϫ2 , and heat flow directly adjacent to the Coast Ranges (same latitude) ranges from 36 to 48 mW m Ϫ2 (Sass and others, 1981) . For reference, conductive heat flow at the Earth's surface ranges from about 30 to 120 mW m Ϫ2 (Chapman and Pollack, 1975) , not including extreme heat flow associated with magmatic sources and other geothermal areas. Thus, the 35 to 48 mW m Ϫ2 observed in the Sacramento basin is a relatively low range of surface heat flow. Also, judging from the conclusions of Luo and Vasseur (1992) , the observed heat flow in the basin is not great enough to induce significant overpressures by aquathermal pressuring. However, these are modern heat flow values. Although determining the history of Sacramento basin heat flow through geologic time is beyond the scope of this study (see Dumitru, 1988) , it is nevertheless useful to conduct compaction simulations with different thermal regimes to evaluate the effect of aquathermal pressuring on fluid pressures.
For non-isothermal analyses, we used the ''base'' compaction model, including the mesh, boundary and initial conditions ( fig. 9 and table 3 ), but thermal aspects of the problem, including conductive and advective heat transport, were coupled to groundwater flow. Water viscosity and density are assigned as a function of temperature and pressure, as determined by the IFC (1967). The only change of boundary conditions for the non-isothermal simulations was a constant heat flow boundary along the bottom of the model domain. For our ''base case'' non-isothermal model, we assigned a regional background basal heat flow of 60 mW m Ϫ2 , slightly higher than the high end of the published range.
To test the effect of aquathermal expansion as an overpressure mechanism, we conducted several simulations with varying conditions of basal heat flux, comparing fluid pressure results of these simulations to the results of a uniform 60 mW m Ϫ2 boundary condition. One way to evaluate aquathermal expansion effects on a regional scale is to run a simulation with elevated basal heat flow. We tripled the basal heat flux to approx 180 mW m Ϫ2 , and the results were consistent with Luo and Vasseur's (1992) conclusions: aquathermal expansion did not increase fluid pressures. On the contrary, fluid pressures for the higher heat flux case were actually slightly lower due to reductions in both fluid viscosity and density by higher temperatures.
We also evaluated the local effect of Sutter Buttes ( fig. 1 ), a possible source of relic high heat flow between 2.4 and 1.4 Ma, when magma injection at depth induced doming of Upper Cretaceous and Tertiary rocks (Williams and Curtis, 1977) . To test this local source of aquathermal pressuring, we conducted another simulation of our profile B-BЈ model domain with a uniform, constant basal heat flow boundary condition of 60 mW m Ϫ2 . The profile lies immediately south of Sutter Buttes ( fig. 1) . Assuming that the magma injection episode that created Sutter Buttes was relatively short in geologic time, we artificially raised the basal heat flux to simulate the thermal effect of magma injection for 100,000 yr. For the approx 10 km interval of the profile adjacent to Sutter Buttes, we arbitrarily raised the basal heat flow to 420 mW m Ϫ2 between 2.0 and 1.9 Ma. We do not know the actual value of the heat flow anomaly caused by Sutter Buttes emplacement. However, we chose this value because it is consistent with heat flow observed in structural domes associated with young calderas and active volcanism within the last approx 10 5 yr (Sass and Morgan, 1988; Sass and others, 1981) . Figure 15 illustrates the contrast in temperature field caused by the simulated magma injection at depth. With the increased heat flux condition, temperature at the base of the model domain in the area of Sutter Buttes is approx 400°C; for the base case, the temperature in this area is only figure 16 , a plot of pressure history for the base of the UK unit (figs. 5 and 9) during 2.0 and 1.8 Ma. While pressures initially rise during the first few thousand years of the simulation, due to aquathermal expansion of water, excess pressures begin to decay by re-equilibration. Immediately after the high heat flow sources are reduced from 420 to 60 mW m Ϫ2 , fluid pressures re-equilibrate toward the ambient value associated with the original heat flux condition.
We conclude that aquathermal expansion is not an important source of present-day overpressures in the Sacramento basin. Some overpressures may have developed during the heat flow pulse associated with formation of Sutter Buttes. However, without high basal heat flow maintained through present day, aquathermal expansion has a negligible effect on present-day pore pressures. Overpressures by this mechanism could only be maintained over geologic time under conditions of unrealistically low permeability, and therefore extremely low hydraulic diffusivity.
Tectonic compression: model domain, boundary conditions, and parameterization.Tectonic compression is an appealing candidate for overpressure generation in the Sacramento basin because of the regional distribution of overpressures. Tectonic forcing can act over the regional scale, affecting the entire basin system, including the adjacent mountain belts. Thus, overpressures observed throughout great portions of the basin and the Coast Ranges support the notion of a regional mechanism.
We tested the compression hypothesis using another numerical model of the basin. Following the lead of earlier studies Garven, 1989, 1992) , we used a finite element method that uses poroelastic coupling of tectonic stresses and fluid flow. We assembled a finite element mesh of the same cross section used for the compaction analysis ( fig. 9 ). Table 4 summarizes the parameterization, boundary, and initial conditions imposed for the ''base,'' or most representative, tectonic compression model simulation. Parameterization is similar to the previous compaction models. Porosity is controlled by effective stress ( fig. 10A ), permeability tracks porosity ( fig. 10B) , and compressibility is a function of effective stress (curve A, fig. 11 ). If effective stress decreased during a simulation, we used an ''unloading'' compressibility 2 orders of magnitude lower than the current ''virgin'' compressibility. Therefore, basin-shortening invoked by the model is semi-elastic and underpredicts overpressure potential. For example, if purely inelastic deformation such as pressure solution were invoked, the overpressure potential would be greater because elastic accommodation of high pressures would not be possible.
In the sedimentation-compaction analyses, deformation and compressibility were assumed to be vertical. For the tectonic compression simulations, we use the same function of effective stress ( fig. 11 ), but compressibility was isotropic. Tectonic stress was invoked by specifying a horizontal shortening. Stress was applied along the western side of the basin cross section, with the east side assigned a fixed, non-moving boundary. The basin cross section was shortened due east-west.
A simple comparison between the parameterization for this model and that for the base compaction model is the net loading rate, or stress rate. In the process of sedimentary compaction, sediment loading effectively imposes an accumulation of vertical stress over time. This may be thought of as a ''stress rate.'' Tectonic compression also imposes a stress rate over time; in this tectonic setting it is a horizontal stress rate. For our base case model of tectonic compression, we applied a horizontal stress rate (associated with the applied strain rate) equivalent to the average vertical stress rate by sedimentation. The average sedimentation rate for Jurassic and younger strata in the basin is 63 m my Ϫ1 . This sedimentation rate is equivalent to an imposed stress rate of 1.2 MPa my Ϫ1 , using the formula Ј ϭ ( g z)/⌬t, where Ј is the stress rate, z is thickness of deposited material, is an assumed average density equal to approx 2000 kg m Ϫ3 (assumed average surface porosity of 40 percent), g is the acceleration of gravity, and ⌬t is the duration of sedimentation. Changing our perspective to the horizontal, this stress rate translates to a corresponding equivalent horizontal basin shortening rate of 0.04 mm yr Ϫ1 . This is the value of horizontal shortening rate applied in our base case tectonic compression model.
Tectonic compression: analysis and results.Overpressures did not develop anywhere in the cross section of the base tectonic compression model. In one of our previous sedimentary compaction analyses, we assigned the entire sedimentary section conditions of porosity, permeability, and compressibility consistent with a shale, and that model required a minimum sedimentation rate of approx 800 m my Ϫ1 for significant overpressures to develop. Therefore, it is no surprise that the base tectonic compression model, with a horizontal compression rate equivalent to 63 m my Ϫ1 sedimentation, did not We compared many sets of simulation results to the base simulation in another sensitivity analysis. The results suggest that tectonic forces provide a plausible overpressure mechanism: compression induces overpressuring only under specific conditions, albeit less restrictive conditions than those for sedimentary compaction. Figure 17 illustrates the hydrodynamic history corresponding to a model using boundary conditions and rock properties favorable to overpressuring. The only difference between this model and the base model is that the horizontal shortening rate applied is 3.5 mm yr Ϫ1 , approx 88 times greater than the shortening rate associated with the base model. We found that a minimum range of basin shortening of 2.9 to 3.5 mm yr Ϫ1 is necessary to induce overpressures consistent with observed data. This range is consistent with tectonic convergence rates determined by baseline interferometry (Wakabayashi and Smith, 1994; Argus and Gordon, 1991) and east-west shortening rates estimated by structural analysis of thrust faults in the southern portion of the basin (Unruh, Loewen, and Moores, 1995) . For comparison, table 1 summarizes selected fault slip, tectonic convergence, and horizontal shortening rates published by other workers.
At 3000 m depth, the deeper range of our observed overpressure data, the 3.5 mm yr Ϫ1 model reflects development of overpressures around 10 to 15 MPa above hydrostatic ( fig. 17 ). This level of overpressuring is comparable to the majority of observed overpressures in the area of Sutter Buttes ( fig. 7) . The highest observed overpressures, approach 25 MPa above hydrostatic ( fig. 7 ). This level of overpressuring occurs at around 6 km depth in the model, but not shallower. However, these models are parameterized with smooth distributions of permeability and compressibility (figs. 10 and 11). We conducted some simulations with localized regions of higher compressibility or lower permeability, such as caused by local geological heterogeneities, and these simulations produced locl overpressures greater than 25 MPa at shallower depths. We did not attempt to simulate faults, which also may localize overpressures and underpressures.
At the lower depth range of observed overpressures (1500 m), smaller values of overpressure developed, only 4 to 5 MPa above hydrostatic. These overpressures are consistent with observations for that depth (figs. 6 and 7) and are lower primarily due to permeability being greater at 1500 m compared to 3000 m. Other model simulations showed that if permeability is assigned uniformly low values (approx 10 Ϫ18 m 2 or lower), then overpressures develop throughout the section.
Shortening rates.If we assume that fault creep over time is small, rapid and finite fault slip may release stress, but up until that slip event, stress may accumulate. Because these models utilize an elastic/semi-elastic rheology, we are essentially simulating those periods of time between finite fault slip events. We did not attempt to simulate faults or their propensity to release stress and alter hydrodynamics.
Over the duration of the basin's geologic history, progressive tectonic shortening occurs as permanent strain accumulates in response to cumulative stress. The actual amount of basin shortening is unknown, but fault slip and other data provide minimum estimates. Our simulation results made it immediately apparent that crustal shortening rates are extremely important to potential overpressure development.
In a series of simulations, we simulated the base model, shortening the basin the same amount (5 km) in each run but using a different shortening rate in each simulation (up to 13 mm yr Ϫ1 ). In each simulation, overpressures formed in the same places in the model, but the maximum overpressure reached in a given area of the model domain varied with respect to shortening rate. Plotted in figure 18 are the results of this sensitivity The only difference between this model and the base model described in table 2 is the applied horizontal shortening rate is 3.5 mm yr Ϫ1 , approx 88 times greater than the base model rate.
analysis among maximum overpressure and shortening rate. The line on figure 18 represents the maximum overpressure reached at 3 km depth in the center of the cross section, with 5 km maximum shortening in each simulation, over a range of shortening rates from 0.9 to 13 mm yr Ϫ1 . The maximum overpressure plotted is normalized, because if we were to change other attributes of the base model the variation in maximum overpressure would be similar, but the magnitude would scale up or down depending on the specific variable and how it was changed. For example, if all permeabilities in the model domain are increased, lower values of maximum overpressures resulted. However, the variation of maximum overpressures with respect to shortening rate, expressed by the shape of the curve on figure 18, was the same.
In general, greater shortening rates translate to potential of greater overpressures in the same places in the model (fig. 18 ). The shaded area on figure 18 represents the limit of minimum possible shortening rates observed in the Sacramento Basin (table 1) . We deliberately evaluated shortening rates much higher than the observed range to test the effect on overpressuring. Maximum overpressures with respect to shortening rate are asymptotic in nature, reflecting limits of hydrologic storage and permeability. The distribution of storage and permeability remains the same among these simulations, as described by the base model (table 4) . In this elastic model, the only ways to increase maximum overpressure beyond this threshold would be to (1) reduce hydraulic diffusivity, in other words reduce permeability or increase hydrologic storage, (2) increase the amount of shortening beyond the prescribed limit of 5 km, or (3) include inelastic processes such as chemical diagenesis. We conducted simulations with uniformly lower diffusivities and verified this effect, again justifying the use of normalized maximum overpressure on figure 18 . Figure 18 also illustrates that significant overpressures may result from observed ranges of crustal shortening rates in the Sacramento Basin. Of course, these results are Fig. 18 . Normalized maximum overpressure versus tectonic shortening rate, based on several numerical experiments using a range of rates. specific to this model of the Sacramento Basin. For the general case, the relationship between stress rate and overpressure also depends on the in situ permeability, fluid viscosity, and geologic structures such as faults. Additionally, other overpressureinducing mechanisms such as sedimentary compaction or chemical diagenesis contribute to the potential for overpressure development.
Discussion and conclusions.Overpressures are common to many, if not most, sedimentary basins. Judging from the results of many published studies, it is clear that overpressures originate from many different processes. Also, this and other studies suggest that it is typical for more than one mechanism to contribute to high fluid pressures in a single given area. Overpressures in the Sacramento basin are observed over the regional scale, with limited correlation to local geography and structures. We suggest that since the Franciscan rocks of the Coast Ranges adjacent to the basin are overpressured (Berry, 1973) to some extent, sedimentary compaction, geochemical diagenesis, and aquathermal pressuring are not clearly favored, or at least not dominant, overpressure mechanisms. Other evidence sheds uncertainty on these mechanisms, too. Clay diagenesis is a minor overpressure mechanism compared to sediment loading in the San Joaquin Basin (Wilson, Garven, and Boles, 1999) , just south of our study area. Albeit petroleum generation can cause regional overpressures (Timko and Fertl, 1971; Spencer, 1987; Burrus and others, 1992; Bredehoeft, Wesley, and Fouch, 1994; McPherson, ms) , we overlaid our observed overpressure data and found only limited correlation with known petroleum source beds. These aspects provide motivation for testing tectonic compression, an overpressure mechanism particularly regional in nature.
Our modeling experiments have led to a series of strong, but not absolute, conclusions. Comparing the model results ( fig. 17 ) to observed overpressures (figs. 6 and 7), we conclude that tectonic compression cannot be ruled out as an important overpressure mechanism for the Sacramento basin. The shortening rates we modeled are realistic or at least are consistent with observed rates. Additionally, the ranges of permeability, compressibility, and other model parameters are geologically realistic. We made no concerted attempt to replicate the observed distribution exactly, because such attempts would be impractical. We only used the simulations to test if the tectonic mechanism is plausible, and if the results are compelling in this context. Clearly, tectonic compression is a viable overpressure mechanism.
One major difference between the sedimentary compaction models and the tectonic compression models is the bulk compressibility distributions used in the models. Sedimentary compaction required either unrealistically high sedimentation rates (an order of magnitude greater than observed), extremely low permeability of confining units, or unrealistically high compressibility distributions (curve D on fig. 11 ). For the tectonic compression model, published compressibility distributions were used in conjunction with basin shortening rates consistent with observed tectonic convergence rates. Thus, the modeling exercises suggest that regional overpressuring at relatively shallow depths (Յ3000 m) can be caused by active tectonic compression without the need of extremely low permeability distributions or unrealistically high rock compressibility.
The modeling also suggests that sedimentary compaction is a plausible overpressure mechanism, but only for locally high sedimentation rates or unusually low permeability and/or unrealistically high compressibility over a regional scale. We conclude that tectonic compression is the most important, ongoing mechanism driving overpressures in the Sacramento basin. It is possible that locally high sedimentation rates argument (local) pressures and contribute to a noisy distribution of overpressures, but we did not test this assertion. Low permeability zones may make compaction more heterogeneous as well. We speculate that other overpressure mechanisms such as hydrocarbon gas generation may be operating as well, but probably only in local areas.
The numerical cross section built for this study was deliberately simple in structure, with no faults or fractures. Also, rock properties were assigned as a simple function of depth or effective stress and not dictated by local structure or depositional environment. This parameterization biased the tectonic compression model into producing overpressures regional in scale, with no really extreme variation in local pressure. This is in contrast to the modeled sedimentary compaction overpressures, which are highest in local areas of high sedimentation rates. Other mechanisms such as chemical diagenesis may ultimately contribute to local variations in overpressure, too. Additionally, variations in structure may contribute to local variations as well as to pockets of observed underpressuring in the basin. We made no attempt to discern the cause of local variability in pressures but rather tried to identify the major causes of overpressures at the basin scale.
Also, given that in all modeling exercises, fluid pressures returned to hydrostatic conditions quite rapidly (Ͻ10 5 yr) during depositional or compressional hiatuses, we conclude that overpressures are attributable to ongoing and dynamic processes. However, under conditions of unusually low permeability or unusually high fluid viscosity, our results suggest that overpressures would dissipate more slowly.
In summary, 1. Observed regional scale overpressures in the Sacramento basin and adjacent Coast Ranges suggest regional scale mechanisms. 2. Tectonic compression is a likely cause of overpressures in the Sacramento basin. 3. Sedimentary compaction is a plausible cause of overpressures in the Sacramento basin, but only for local, extremely high sedimentation rates. This may be an important factor in causing local variations in overpressures. 4. Aquathermal pressuring is negligible as a cause of overpressures in the Sacramento basin. 5. We did not test the effects of chemical diagenesis or other mechanisms of overpressures but suggest that other such processers may contribute a secondary component of observed high pressures and local variability in fluid pressures. 6. Modeling results indicate that overpressures in the Sacramento basin are maintained by ongoing processes, except perhaps in areas of extremely low permeability. In conclusion, we find it no surprise that overpressures are common to so many sedimentary basins around the world, especially in tectonically active areas. Multiple overpressure mechanisms are probably active, and additive, in most overpressured sedimentary basins. For the Sacramento basin, we agree with Berry (1973) that tectonic compression seems appropriate as a hydrogeologically significant cause for overpressuring.
